Abstract. Nowadays, scientists consider AFM as a powerful Nanorobot for the measurement of intermolecular forces as well as identification and topography of sample surfaces. In order to enhance the performance of this Nanorobot, the modified couple stress (MCS) theory in the air and the liquid environment has used to reduce the error resulting from the modeling of AFM microcantilever (MC) based on classic continuum mechanic theory. In this paper, using the Hamiltonian principle and based on the Euler Bernoulli beam theory, motion equations are extracted taking into account the capillary, van der Waals and contact forces between the tip and the sample, as well as the hydrodynamic and the squeeze force in the liquid environment. Modeling is carried out for two dagger and rectangular geometries considering the geometric discontinuities due to the presence of a piezoelectric layer enclosed between the two sides of the electrode and the change in the cross-section of the MC when connecting the probe to the MC. Galerkin method is employed for the discretization of equations. In order to analyze the effects of geometry and environment on the MC vibration behavior, the time and frequency response are obtained at distances away from the surface for both MC geometries in the air and liquid environment. Comparison results suggest that the natural frequency is reduced due to the added mass of the dagger MC. This reduction is more tangible in the liquid environment because of the added mass. Also, the effect of the hysteresis phenomenon caused by the ferromagnetic property of materials is analyzed in order to approximate the theoretical model to the real model using the PI, Boucevan and Duhem models. Surface topography is illustrated considering the hysteresis effect on rectangular and dagger MC. According to the results, the amplitude is amplified by using the three models. This amplification is higher in the PI model.
Introduction
AFM is a powerful tool for surface imaging as well as the determination of mechanical properties on the micro and Nanoscale. The more accurate simulation and modeling show their importance when this paper uses the simulation results to predict the piezoelectric MC vibration behavior to improve the quality of the topography images by providing examine the environmental forces effect on the transient response. In order to enhance the accuracy of modeling and simulation of this nano-robot, the study is conducted in air and liquid environments surfaces to make a more precise prediction of MC vibration behavior and to increase imaging accuracy. Wolf and Gottlieba analyzed the silicon beam with ZnO integrated piezoelectric layer and obtained frequency response near the surface in a noncontact mode by using the MTS method [1] . Mahmudi and McCarty studied the nonlinear vibrations of the AFM contact and tapping modes with respect to nonlinear contact forces [2] . Vazquez et al empirically examined the effect of the density and viscosity of the water-glycerol solution on the MC frequency response in the distance away from the surface [3] . Lee et al took clear images of the sample without the undesirable effects of external acoustic stimulation in a propanol environment [4] . Korayem et al investigated the piezoelectric MC vibration response and surface topography using the Euler-Bernoulli beam theory in the amplitude mode [5] . In another study, they also modeled MC more precisely by using the difference quadrature method and applying the MCS theory [6, 7] . In order to model the AFM MC, the study largely focused on the classical continuum mechanics. Obviously, when the dimensions are examined in the Micro and Nanoscale, classical continuum mechanics cannot predict and explain the system behavior caused by small sizes. In this regard, Wang et al have modeled the single-layer Timoshenko beam equation with a constant cross-section taking into account boundary conditions as a simply support based on the MCS theory [8] . Rukk et al used the MCS theory and a meshless method to study the static bending of simple Timoshenko beams [9] . Park and Gao examined the EulerBernoulli beam equation with a rectangular cross section on the basis of the MCS theory in a static state for an MC [10] . Song et al examined Euler-Bernoulli beam with a circular cross-section in a simply support condition. They used the MCS theory to model the MC [11] .
The hysteresis effect occurs in the systems in which input impacts are associated with a delay mode. This phenomenon has adverse effects, which should be eliminated in order to augment the modeling accuracy. In this regard, Ge and Jouaneh, have examined the adoption of Preisach hysteresis model to piezoelectric actuator in controlling problems [12] . Korayem has modeled the hysteresis in piezo martials using the Bouce-van model [13] . Mokaberi and Requicha have modeled hysteresis in piezo tubes using discrete models [14] . In scanning nano-robots, Chung by using finite element method analyzed the piezo cylinder via the PI model [15] . Celano et al. in order to improve the AFM applications in the area of confined-volume characterization within semiconductor technology, provide an extensive study about nano-scale wear as induced by sliding diamond nano-contacts with as prime objective [16] . Jesse et al. introduce a novel excitation and measurement mode which is named band excitation. By considering BE in SPMs rapid mapping of energy dissipation on the nanoscale can be possible [17] .
In this paper, the MC with two rectangular and dagger geometries is analyzed in the liquid and air environments. For piezoelectric MC modeling, the Hamiltonian principle and the Euler-Bernoulli theory are used along with the MCS theory. The motion equations are extracted with regard to the environmental forces and forces brought from the sample surface to the MC tip in the liquid environment. By removing the liquid environment parameters, the equations are used for the air environment. MC frequency and time response are extracted and compared for both geometries and in both working environments. Then, the three models of PI, Boucevan, Duhem in Newmark equations are used to analyze the hysteresis effect on the MC vibration behavior. Also, the surface topography is investigated for both rectangular and triangular roughness.
MC governing equation of motion based on variations in cross-section geometry
The MC is considered as a four-layer cantilever beam. The first section of the beam has four layers (silicon cantilever, piezoelectric layer and two electrodes). The other two sections only have the silicon layer that the MC tip width in both geometries is smaller than other sections of the beam to increase tip sensitivity. In this paper, rectangular and dagger geometries are considered for the cantilever. The only difference between these two geometries is in the third section. In the dagger geometry, the third section of the beam cross section is not constant and gradually decreases. Figure 1 presents both piezoelectric MC geometries.
In order to obtain the governing equation of motion, first the kinetic energy and then the potential energy of the system and the amount of external forces are defined. Also, external forces include the forces between the MC tip and the sample surface and also effective environmental forces. And the forces between the MC tip and the sample surface (F ts ), include van der Waals, capillary and contact repulsive forces [18] . Using the Hamilton principle, the equation of MC vibration motion in a liquid environment is derived according to the equation (1) based on the MCS theory [19] . Coefficients of equation (1) are represented in Table 1 .
Intheliquid environment,thecapillary force iseliminated and by neglecting the dissipating energy in the contact between the sample surface and the MC probe, the repulsive force can be calculated in lower ranges and in the vertical direction using the DMT model [20] . In addition to the forces referred to, in the liquid environment, the hydrodynamic force is applied from the liquid and the squeeze force is excreted according to equations (2) and (3) [21] . In equation (2), w is the displacement of the sphere, h is the liquid viscosity, r liq represents the liquid density and v is the liquid frequency. As it is clear by the equation (2), this force contains two effective terms. In this equation, the first term is proportional to the velocity of the MC, which is called liquid damping force. The second term is proportional to the MC acceleration, and indicates the mass which added to the MC when MC vibrates in the liquid.
In the equation (3), h represents the distance between the MC and the sample surface. Due to the strong increase of this force near the sample surface, in order to reduce its value and prevent the MC damage, the MC is installed in angular form. Table 1 displays coefficients of equation (1) for the piezoelectric MC. For the dagger MC, in the third section, the thickness is constant and the width is varied. Therefore, except the coefficients of the equation of motion for the third section of the dagger beam, other coefficients are the same for the two geometries.
Where E, I, m, A and r represent the modulus of elasticity, the inertia moment, the lame constant, the crosssectional area and the density. Also, e and l are piezoelectric constants [22] . Boundary conditions for the first and second sections of the MC are defined as the equations (4) and (5), respectively.
The boundary and the continuity conditions of the MC in the third section are extracted by equation (6):
Piezoelectric MC mass and stiffness matrix
Galerkin method is used to discretize the motion equations.
In the Galerkin method, the residual function is calculated by replacing the approximate answer assumed in the Galerkin function. Then, by putting the residual function and the weight function in the Galerkin equation, mass and stiffness matrices are obtained through the calculation of the obtained integrals [5] . Equation (7) shows the MC vibration equations in the liquid environment.
Where the mass and stiffness matrices for the first and second sections of both MC geometries are calculated using equations (8) and (9) . ' (x) shows the shape function.
The mass and stiffness matrices for the third section of the beam are calculated by using equations (10) and (11):
where for the dagger MC we have:
A i ð Þ ¼ h 1 ð Þ:wðiÞ: ð13Þ Table 1 . Constant coefficients for each piezoelectric MC section. Also, C squeeze , C add , and M add respectively represent damping caused by squeeze force, damping due to hydrodynamic force and the added mass [21] . These three matrices are zero in the air environment. By assembling the matrices obtained for each element, stiffness and mass matrices are calculated for the total MC. The natural frequencies (v) and the modes shape (∅ i ) are easily found using the equations |K-Mv
respectively. An appropriate damping model is used to add damping to the equations. For this purpose, using the matrix ∅ i and taking into account orthogonal properties of the modes shape, the vibration equation is obtained in the modal space and the effect of the damping coefficient j is added to any decoupled equation which is in fact the oscillation equation of an independent vibration with a natural frequencyv n,1 . Finally, the matrix C is expressed in terms of equation (14) [5] . In this equation, Q ¼ 
In order to obtain the frequency response by using the Laplace transform, assuming zero initial condition and transferring the equation of motion from the time to the frequency domain, the MC frequency response is obtained. When the MC is away from the surface and there is no contact between the beam and the sample surface, the contact force is neglected and using the main equation and zero initial conditions, the frequency response is calculated according to equation (15) .
The Newmark algorithm is used to find the time response. According to this algorithm, at each time step, the displacement, velocity and acceleration vectors are found at (t + Dt). Given that Dt is time step, the matrixK is also constant and there is no need to solve it in each loop, and the time to do the calculation is reduced. However, the vector F eff (t + Dt) needs to be changed at any time step [5] .
Applying the hysteresis effect to the piezoelectric MC motion equations
Among the intelligent materials, piezoceramics are extensively used in control and vibration due to their high precision, high spatial control, high stiffness and high response speed. Despite the applications of these intelligent materials, all of them have nonlinear behavior. Reversal of the polarization direction or its modification under the influence of an external field is one of the main characteristics of ferromagnetic materials. The variation of this electric field causes a change in the magnetic fields, which is the hysteresis loop in ferromagnetic materials. The mathematical model PI and two models of Bouce-van and Duhem have been used to simulate this phenomenon. Duhem mathematical model is one of the ways to identify the hysteresis phenomenon [23] . The model is based on the fact that when the input direction varies, the output characteristics will also vary. In this model, the hysteresis behavior is presented by the parameters a and f(0) and g(0). The Duhem model is expressed in equation (17), where a > 0 and the parameters are constant. The f and g are continuous functions, v represents the input value and w is the output value.
w u is the upper curve of the output graph, and w d represents the lower curve. The value of a has a good effect on the Duhem performance, as well as on the functions f and g(v), and determines the shape of the hysteresis loop. Based on the theory, polynomial functions are defined for functions f and g. By solving these two equations, the final relation of the Duhem model is extracted as equation (18) . The values of a i and b i are calculated by the value of a and the coefficients of f(v) and g(v). In other words, all of the coefficients as well as c 1 and c 2 are dynamic parameters and depend on the system and the input characteristics.
When the input rate changes from
, the coefficient c 1 will be equal to:
, the coefficient c 2 will be equal to: The PI is the other model that reflects the non-linear hysteresis phenomenon. It applies the Play operator, which is a continuous operator independent of the input variation rate. If cm [0, te] represents the uniform space of continuous functions and if 0 = t 0 <t 1 < t 2 < t 3 <… t N = t e represent the time intervals between 0 to t th , and also if v(t) ∊cm and the voltage value is uniform on each sub-interval [t(i), t(i + 1)], the play operator is represented as the equation (21) and r represents the width of the hysteresis loop [24] .
This operator is determined by the input voltage and r value. In equation (23) , p(r) is a weight function that should be as p(r) ≥0 and is usually obtained from empirical data. q is a constant coefficient.
Hysteresis is amplified in most intelligent and magnetic materials by increasing the input time rate, while the output range may be reduced. Also, the shape of the hysteresis loop is a function of the input frequency. This type of frequency cannot be shown by the PI model independent of the input rate. The play operator depending on the input variation rate is used to relate the input and the output in the PI model [11] , [24, 25] . The hysteresis loop width is directly dependent on the value of r. The output range of the play operator for v < 0 depends on v-r and for v > 0 depends on v + r; r is always assumed positive. equation (24) shows the relation between the output value, threshold (r) as well as the input and time variation.
where:
In equation (25) , the constant value r is obtained for low frequencies (r = alnb), where b>1. Equation (26) is used in the higher frequencies to reduce the error, where l 1 and l 2 are constant coefficients, and
The Bouce-van model is a nonlinear differential equation that is used to model different structures. This model is particularly well considered for its high analytical capability, especially for modeling piezoelectric components and cantilever beam [26] .
V h is called piezoelectric voltage and t is called the hysteresis displacement. Parameters a and n plays an important role in the creation and control of the dimensions and shape of the hysteresis loop. These parameters can be empirically different and unique for specific situations. Therefore, these constants must be calculated for the AFM cantilever and applied to analyses.
Effect of MC geometry and the environmental parameter on the MC vibration behavior
The MC vibration motion with two different rectangular and dagger geometries in the air and the liquid environment is evaluated using MATLAB. Table 2 displays the physical and geometric characteristics of the Rectangular MC. All the geometric dimensions for the dagger MC, are as same as the rectangular MC except the third section width which is varied from 250 nm to 55 nm.
Effect of viscosity, density and cross section on the piezoelectric MC frequency response
When the MC is away from the surface, no force is exerted on the probe and the MC has a free vibration. Table 3 shows the results of the piezoelectric MC frequency response with two rectangular and dagger geometries in the air and liquid environments.
As it is shown in the Table 3 , results have a good accordance with experimental results. In addition, the dagger MC has lower frequency than the rectangular MC. In the liquid environment, density and viscosity are two parameters affecting the added mass and damping by which the amount of frequency and amplitude is influenced. As seen, the resonance frequency has been significantly reduced in the liquid environment for both geometries. This reduction is due to the added mass caused by liquid that In addition to geometric parameters, liquid density is the most important parameter in this case.
Effect of viscosity, density and cross section on the piezoelectric MC time response
The time response graph shows the MC tip position at any time. As seen, this graph is elliptical at a distance away from the surface and the domain of the graph is fixed by the time. The Newmark algorithm is used to calculate the MC vibration time response. As shown in Figure 2 , the MC amplitude in the air, which is stimulated with a first stimulation frequency and a piezoelectric voltage of 1.5 V is about 3.17 mm. Similar to the time response of the rectangular MC, the graph for the dagger geometry is plotted. According to Figure 2 , the maximum amplitude of the oscillation is 3.8 mm in the air. Time response is obtained for two geometries in water too. Results indicate the lower maximum amplitude for the dagger MC comparison the rectangular MC in both air and water environments. In addition, due to the amplified viscosity and density in the liquid environment and as a result of increasing the environment damping, the MC vibration amplitude becomes steady in a short time and as the air environment, there is no need to a relatively much time to reach the steady amplitude.
Applying hysteresis effect to the vibration motion of the rectangular MC
By applying a nonlinear hysteresis effect in the form of a new voltage, the amplitude resultant from the initial voltage differs from its empirical value. Using the new voltage obtained from hysteresis models and its placement in the Newmark equations, the new amplitude slightly approaches to the experimental results. Figure 3 shows the results of Duhem, Bouce-van and PI models compared to experimental results [29] . Figure 4 displays the vibration amplitude in the last period of time, applying the hysteresis effect and without it. As seen, the amplitude resultant from the hysteresis is very close to the experimental results and there is a slight difference. In the Duhem hysteresis model, the difference in amplitude due to the applied hysteresis with initial values is equal to 0.0971 mm and the phase difference is 0.409 rad. In the PI and Bouce-van models, the amplitude difference is 0.187 mm and 0.122 mm and the phase difference is 0.754 and 0.409 rad, respectively. As seen, in the Bouce-van model, the difference of phase and the amplitude is more than the other two models. Figure 5 displays the hysteresis effect on the piezoelectric MC time response. The steady amplitude without hysteresis is 3.6 mm. By applying the Duhem model, this value increases up to 3.69 mm. Also, in the Bouce-van model, this value increases to 3.72 mm. The value of the amplitude is equal to 3.72 mm in the PI model. As it is seen, the system's steady-state increases by applying the hysteresis effect. Figure 6 is derived from the application of the PI and Bouce-van hysteresis models on the dagger MC in the liquid environment. This graph shows the MC tip displacement by voltage. Figure 7 presents the amplitude variations by time in the last periods by applying the PI and Bouce-van models. Applying hysteresis effect, the MC amplitude enlarges by 0.063 mm, and the resultant phase difference is equal to 0.22. In the Bouce-van model, the amplitude difference is 0.045 mm and the phase difference is equal to 0.51 rad. Figure 8 illustrates the time response of dagger MC in a liquid environment. Without applying hysteresis effect, the steady-state amplitude in a liquid environment is equal to 0.135 mm while with the application of the PI hysteresis model the MC steady amplitude increases up to 0.198 mm. It is 0.180 mm using the Bouce-van model. Here, as the air environment, the MC steady-state amplitude has increased by applying the hysteresis effect.
Application of hysteresis effect to vibration motion of dagger MC

Sample surface topographic by considering the hysteresis effect
In order to do topography for the sample surface with piezoelectric MC, the MC time response variation is examined while passing through the roughness of the rectangular and wedge surface. The PI and Bouce-van models are considered to investigate the hysteresis effect of the two hysteresis models. Figure 9 demonstrates the piezoelectric MC amplitude variations while crossing the rectangular roughness with the depth of 1 nm. As shown, the MC amplitude increases while the probe passes through the roughness of the sample surface and the equilibrium distance enlarges. According to Figure 9 , rectangular roughness is well modeled by the two models, but the amount of roughness depth in the two models is less than their actual value. The Bouce-van model shows a more accurate topography than the PI model. In Figure 10 , the two models also display a triangular roughness, but the roughness depth is less than the actual value. In this case, the Bouce-van model indicates more depth than the other model and the topography is closer to its actual value. It is also observed that due to the gradual variation of the surface in the wedge roughness and the lack of the sudden variations in the rectangular roughness, the time delay in detecting the maximum roughness depth, is less.
Conclusion
This paper focused on the analysis and modeling of the rectangular and dagger MCs in liquid and air environments. Comparing the frequencies obtained from the finite element results for the rectangular MC in the air liquid environments with the experimental results, suggests that there is a good match in the simulation results. According to the frequency response graphs of the rectangular and dagger MC, due to the added mass of the dagger MC, with other conditions being fixed, it is reduced to 8.48% and 7.63% in the air and liquid environment, respectively, compared to the rectangular MC. In addition to the frequency, the dagger MC vibration amplitude is reduced in both environments compared to the rectangular MC, which is due to the increased damping forces in the liquid environment relative to the air environment. According to the time response graphs in the air environment, the graph is elliptical and approaches the steadiness with a gentle slope, while the graph has a very steep slope in the liquid that indicates a decrease in the time to reach the steady state. The effect of hysteresis by PI, Bouce-van, Duhem models were applied to the rectangular MCs Newmark equations in the air. According to the results, by applying these three methods the amplitude increases by 5.2%, 4.3%, 2.69%, respectively. Moreover, the effect of hysteresis causes phase delay, the mean of which is equal to 0.52 rad. The models of PI and Bouce-van were used to apply the hysteresis effect on the dagger MC in the liquid. 
